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ABSTRACT 
/3/57 

A multi-gridded probe experiment for  the measu remen t  of 

ionospheric p a r a m e t e r s  i s  descr ibed.  A theoret ical  analysis  of 

t he  operation of the probe under typical  sounding rocket conditions 

indicates the  performance to be expected in the determinat ion of 

these p a r a m e t e r s .  In addition to  the d. e .  probe cha rac t e r i s t i c s ,  

the t i m e  derivative of the probe Character is t ics  was a l s o  obtained 

in flight. 

Data f rom the experiment which was flown on NASA 

Javelin 8. 2 9  on May 19,  1965, at 4 : l l  p. m. local t ime ,  was 

analyzed in light of the theory. 

m e t e r s  w e r e  obtained: 

t o  940 km, vehicle potential, and ion tempera ture .  

The following ionospheric pa ra -  

a n  ion density profile for alt i tudes f r o m  280  

The analysis  showed that the probe ceased  t o  function 

according t o  s imple r a m  theory at the altitude where the ion sheath 

thickness  was equal to the d iameter  of the  probe assembly.  

Some difficulties associated with ion probe measu remen t s  

a r e  pointed out, and pract ical  suggestions for designing bet ter  ion 

probes a r e  made.  
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I. INTRODUCTION 

1. 1 Statement of the  Problem 

In order  t o  obtain a d i rec t  measurement  of ionospheric 

p a r a m e t e r s ,  a retarding potential planar  ion probe was flown on a 

rocket f r o m  Wallops Island, Virginia,  on May 19, 1965, a s  pa r t  of 

the Mother-Daughter project  which was  a separating-payload 

propagation experiment  fo r  measuring electron densi t ies .  

payload was launched at 4:11 P. M. , local  t ime,  on NASA 

Javelin 8. 29,  and the ion probe was mounted on the  Mother section. 

This analysis  is concerned with the ion probe r e su l t s  f r o m  

The  

which it is theoret ical ly  possible to  de te rmine  posit ive ion density,  

t empera ture ,  and composition, e lectron tempera ture ,  and vehicle 

potential in the ionosphere.  

L. C. Hale and i t s  construction and operation i s  descr ibed  in 

detai l  in h i s  r epor t ,  L. C. Hale (1964). 

The probe electronics  was designed by 

In addition t o  the direct  cu r ren t  cha rac t e r i s t i c s  of the 

probe,  the der ivat ive of the c u r r e n t  cha rac t e r i s t i c s  was a l s o  

obtained experimentally in flight, and studies w e r e  made  of t he  in- 

flight data process ing  circui t ry  to de te rmine  the  optimum electronic  

c i rcu i t  cha rac t e r i s t i c s  t o  obtain maximum information f r o m  the 

data.  

t o  de te rmine  if a n  evaluation of positive ion composition could be 

made.  

The der ivat ive of the probe cha rac t e r i s t i c s  was  investigated 

The p r i m a r y  objective of th i s  analysis  was an  accura te  

interpretat ion of the expei-iii>ei;ta? datz, taking into account any 

phenomena which m a y  have affected the  experimental  resu l t s .  
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Modern engineering concepts have been applied to the processing 

of flight data both before and af ter  t r ansmiss ion  f r o m  the vehicle. 

1. 2 Review of Related Studies 

An investigation of the ionosphere by means  of d i rec t  probe 

measurements  w a s  made by the Russ ians ,  who used spher ica l  ion 

probes  on Sputnik 111. 

t empera tu re  of not l e s s  than 15, 000 

Ion density measurements  and la rge  negative vehicle potentials 

Krassovsky (1959) indicated an electron 

0 K at  an  altitude of 795 km. 

w e r e  a l so  reported.  

The Russian r e su l t s  were  questionable and Whipple (1959), 

through a theoret ical  development of the problem, was able  t o  obtain 

a m o r e  plausible explanation of the Russ ian  data. 

bas ic  equations descr ibing ion cu r ren t  to a retarding potential probe 

under the  assumption of a Maxwellian velocity distribution of ions. 

Whipple's theoret ical  work i s  general ly  accepted,  and in recent  

yea r s ,  experimenters  using planar probes have evaluated the i r  data 

in light of his theoret ical  derivations.  

He der ived the 

Hanson (1962), using data f r o m  an  ion probe experiment  by 

Hale (19611, deduced the existence of hel ium ions above 1200 km.  

Hanson was able to construct  a daytime model  of the  upper a tmos -  

phere ,  under high so la r  activity conditions, in which atomic oxygen 

ions predominate up t o  1200 km alt i tude,  he l ium ions f r o m  1200 to  

3400 k m ,  and protons above 3400 km. 

Bourdeau et  a l .  (1962) used the Explorer  VI11 sa te l l i t e  

to  obtain direct  ionospheric measurements .  

concentration, e lectron t empera tu re ,  and t h e  r a t i o  of a tomic  hel ium 

to oxygen ions were  presented.  

Values of posit ive ion 

The ra t ios  of the  ionic consti tuents 
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were  determined by comparing experimental  and theoret ical  probe 

charac te r i s t ics .  It was concluded that  the i r  model  was consistent 

with an  i so thermal  upper ionsophere in diffusive equilibrium. 

The  theory of measurement  of posit ive ions by means  of 

a two-electrode spherical  probe was der ived by Sagalyn and 

Smiddy (1963).  They considered the case  of a Maxwellian gas ,  

where  the vehicle velocity is  var iable  with respec t  t o  the  most  

probable ion belocity, and the mean  f r e e  path is l a rge  compared t o  

the  probe dimensions.  

t a l  data and the  r e su l t s  below the  F 

cent with simultaneous ionosonde data,  

This theory  was  used to  analyze experimen- 

peak agreed  to  within 20 pe r  2 

Ion t r a p s  with plane geometry  were  flown on polar -  

orbiting sa te l l i t es  by Hanson, McKibbin, and Sha rp  (1964). One 

of their  main  objectives was t o  obtain a d i r ec t  measurement  of ion 

t empera tu res  by measuring the  ion velocity distribution, 

a t tempts  had not been successful,  yielding t empera tu res  which w e r e  

considered too high. The resu l t s  of Hanson, McKibbin, and Sharp  

w e r e  not significantly improved. 

e r r a t i c  and general ly  very  high compared to  neu t r a l  gas  t e m p e r a -  

t u r e s .  

E a r l i e r  

Computed ion t empera tu res  w e r e  

The data f r o m  the polar-orbi t ing satel l i tes  was not con- 

s is tent  with p re sen t  day theories  of t he  ionosphere because v e r y  low 

ion concentration and high satel l i te  potentials w e r e  obtained for  

portions of the flight. It w a s  pointed out that  the satel l i te  itself 

m a y  have been capable of dras t ica l ly  modifying i t s  immediate  

surroundings in some manner .  

The r e su l t s  of nighttime measu remen t s  of posit ive ion 
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densi t ies  w e r e  presented by Sagalyn and Smiddy (1964). The ion 

sca le  height was  found to  change abruptly near  600 k m  and an ion 

tempera ture  of 1050* 50 

measu red  above the peak of the F region. 

F peak, ion density values agreed  to within 15 pe r  cent with electron 

densi t ies  measured by local  ionosonde stations.  

va r i ed  only slightly f r o m  -1. 4*.  3 volts fo r  the alt i tude range f rom 

300 to  1100 km. 

significantly f rom the  r e su l t s  presented by other r e s e a r c h e r s  in 

that l a rge  ion scale  heights were  obtained. 

height was 2000 km a t  an  altitude of 760 km. 

0 K was deduced f rom the ion sca l e  height 

In the region below the  

Vehicle potential  

Above 700 km,  the ver t ica l  ion prof i les  differed 

The measu red  ion sca l e  

A significant r e su l t  of Sagalyn and Smiddy's  analysis  was 

a determination of the ionic constituents without making assumptions 

about a reference level  composition. 

for  N ( z ) ,  t he  ion density,  in t e r m s  of alt i tude,  ion m a s s ,  and 

t empera tu re ,  the relat ive proport ions of the ionic consti tuents at 

a re ference  level were  determined by comparing experimental  

profiles with general  solutions of N ( z )  for  a range of r e fe rence  level  

compositions and t empera tu res .  

1. 3 DescriDtion of the  1nst.rument 

Using a genera l  express ion  

A retarding potential  planar  probe was  used to  make  d i r ec t  

ionospheric measurements .  

voltage waveforms a r e  shown in F igu re  1. Four  tungsten g r ids  of 

1 m i l  wi re  were welded to  tungsten r ings  which w e r e  supported by 

3 mm thick Teflon space r s .  

1-5/8" in diameter  and the ape r tu re  was 1" in d i ame te r .  

The gr id  s t r u c t u r e  and assoc ia ted  

The tungsten col lector  plate  was 

The probe operated a l te rna te ly  in ion and e lec t ron  modes  
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with gr id  G 1  t ied to  vehicle ground a t  a l l  t imes .  

voltage was applied t o  gr ids  G2 and G 

together to es tabl ish a more  uniform potential b a r r i e r .  

mode a negative voltage on gr id  G 

e lec t rons  and photo electrons f r o m  the col lector  plate. 

collector plate w a s  held at vehicle potential by a high-gain feedback 

electrometer  c i rcui t  which served  a s  a cu r ren t  measur ing  device. 

An R C  differentiator and a gain of 50 d. c .  amplif ier  w e r e  

A l inear  sweep 

which w e r e  connected 3 

In the ion 

suppressed  environmental  4 

The 

used to  obtain the der ivat ive of the output of the electrom-eter 

c i rcui t .  The der ivat ive information was fed d i rec t ly  to te lemet ry .  

An automatic range switching c i rcu i t  was employed t o  

extend and improve the cur ren t  measur ing  sensit ivity of the  

instrument  which was used with a s tandard 0 t o  5 volts t e l eme t ry  

channel. 

h 

T 
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11. THEORETICAL DEVELOPMENT OF THE PROBLEM 

2 . 1  P robe  Charac te r i s t ics  

The expression for  ion cu r ren t  t o  a re ta rd ing  potential 

p lanar  probe has been derived. 

but a r e  presented  because of their  ma jo r  importance t o  th i s  analysis .  

Whipple (1959) and o thers  have d iscussed  these  der ivat ions and the i r  

implications. 

These  der ivat ions are  not original 

A fixed co-ordinate sys tem i s  chosen with posit ive x axis  

in the direct ion of the vehicle velocity, and an ion with a the rma l  

velocity component c in this  direction has  a relat ive velocity 

component v r  = c-V with respec t  to  the  vehicle,  where  V i s  t he  

vehicle velocity. 

i s  given by 

A Maxwellian velocity distribution i s  assumed and 

where  N is the ambient ion density, and a i s  t he  mos t  probable ion 

velocity defined by 

where  k = Boltzman's constant 

T = ion tempera ture  in degrees  Kelvin 

m = ion m a s s  

The collector cu r ren t  i s  

1 x 1  aeAvrdN ( 2 . 2 )  
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where  A is the collector area, CY is a gr id  t ransparency  coefficient, 

and e is the ionic charge.  

toward the  rocket g rea t e r  than the retarding potential b a r r i e r  a r e  

collected,  that is for  

Only those ions with a kinetic energy 

1 2 - m v  > e @  2 r  

The  ions with sufficiently l a rge  negative velocit ies a r e  collected 

and the collector cu r ren t  is 

L L  

r v e  -(v,tV) /a dv I=-[ cueAN 
a 6  r 

-00 

Aft e r int eg ra t  ingp 

2 
- X  1 1  a e  I = aeANV(7 t 7 erf<xi  f - 

2 v G  

1 
a where  x = - (V - 

X - L 
and erf(x)  =- 

( 2 .  3)  

Equation 2 .  4 is  the wel l  known equation f o r  ion c u r r e n t  t o  a 

retarding potential probe when the t h e r m a l  velocity of ions is small 

compared  t o  the vehicle velocity,  

rocket  velocity along the axis of the probe  s o  that  t h e r e  would be a 

f ac to r  of cos  8 in t hese  der ivat ions where  0 is t he  angle  between 

the  rocket velocity vector and the nor1 *a1 t o  t h e  p lanar  probe.  

V is the effective component of 

A computer p r o g r a m  was  wr i t ten  t o  tabulate  ion p robe  
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cur ren t  a s  a function of the sweep voltage with vehic.le velocity, 

ion tempera ture ,  ion density,  and p lasma composition a s  pa rame te r s .  

The resu l t s  were  curves  of collector cu r ren t  v e r s u s  sweep voltage 

for the various pa rame te r s .  

The Javelin rocket on which th i s  experiment  was flown 

reaches  a peak altitude of approximately 1000 k m  s o  that a binary 

mixture  of He and 0 was assumed since these  will be the dominant 

ions at these  alt i tudes (Hanson, 1962).  

t -I- 

Equation 2 .  7 was used to  

de te rmine  probe cu r ren t  since,when m o r e  than one ion species  i s  

p resent , the  total  cur ren t  is the sum of the individual cu r ren t s .  

2 
a le-x l  

2 2  1 2 v G  1 
1 1  I = aeANIV( - + - e r f (x  ) t - 

L 

a e-X2 

2 V G  
2 

(2. 7) 
1 1  t aeANZV ( 2 4 - erfdx ) t 2 2 

The subscr ipts  1 and 2 re fe r  to  values for oxygen and helium. 

The re  a r e  no thermal  components of ion velocity a t  a 

0 t empera tu re  of 0 

well-defined s teps .  

of 1 

occur a t  voltages where the kinetic interaction energy, due to  the  

rocket velocity, is equal t o  the potential b a r r i e r .  

and then the cu r ren t  curves  should have sharp  

This special c a s e  was checked for a t empera tu re  

0 K and the r e su l t s  a r e  shown in F igu re  2. The s teps  should 

1 2  -mV = e @  2 

4- + F o r  0 '  and He , @ w a s  calculated t o  be 70 and .175 volts for a 

vehicle velocity of 2 .  9 km/sec .  The r e su l t s ,  a s  tabulated f rom the 
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computer p rogram and il lustrated in F igu re  2 ,  agree  with these  

calculations. 

F igure  3 i l lus t ra tes  calculated c u r r e n t  curves  f rom 

equation 2 .  7 and corresponds to  these  conditions: 

V = 2 . 9  k m / s e c  

T = 1200° K 

5 3 N = 10 ion /cm 

2 A = 5.07  e m  

a, = 0 . 5  

It i s  seen  that the effect of the  t h e r m a l  velocit ies is  t o  smooth out 

the curves .  Thus,  an accurate determination of plasma composition 

cannot be made  f rom these  curves since they v a r y  only slightly f r o m  

each other, even though the composition v a r i e s  by 25 pe r  cent He' steps. 

R. E. Bourdeau et a l .  (1962) have fitted experimental  data 

to  theoret ical  curves  of t he  type shown in F igu re  3, and f r o m  the 

best  fit they determined the  rat io  of the  ionic constituents. 

r e su l t s  for He / O  at  an altitude of 1630 km were  1. 3 f. 3 which 

Typical 

f +  

corresponds  t o  a n  e r r o r  of *237kJo.  They s ta te  that  this  e r r o r  

es t imate  i s  optimistic in view of the assumptions made ( 6 was 

a s sumed  t o  be constant even though it var ied  by 2 5 O  during the per iod 

required t o  obtain one current  curve) .  

One objective of this analysis  i s  t o  de te rmine  i f  it i s  

possible  to  obtain m o r e  accurate  data on ion composition utilizing 

information f r o m  the derivative of the probe charac te r i s t ics .  

2 .  2 Derivative of P r o b e  Charac te r i s t ics  - .I 

The derivative of collector cu r ren t  with respec t  t o  sweep 

voltage i s  
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. - 1 3  - 

2 

erf(x) t - a e  (-2x) - dx ) , (2 .  9 )  
-X dI 1 d  - = creANV( 2 

2 V G  d@ d@ 

dx -1 
(2.10) where  - = -  4 e / 2 m  @ 

d@ a 

2 d -1 -x 2 e / ~ r m @  e erf(x)  = - .I - 
d@ a and 

Af ter  substituting equations 2 .  l0 .and  2 .  11 into equation 2. 9,  

2 
- X  

2 
xe e - X  

) .  - d1 = creANVde/2.rrm+ (7 - - d@ a 

(2.11) 

(2.12) 

Equation 2.12 for the der ivat ive of cu r ren t  with respec t  t o  

sweep voltage was plotted with the r e su l t s  shown in F igure  4. These  

curves  were  obtained using the s a m e  p a r a m e t e r s  a s  were  used t o  

obtain the cu r ren t  curves  of F igure  3. 

to negative values of - d1 

retarding sweep voltage increases ,  posit ive ion cu r ren t  dec reases  

causing dI t o  be negative. As the p e r  cent He  

location of the peak shifts to the left and the peak amplitude f i r s t  

dec reases  and then increases  a s  the pe r  cent He  

The ver t ica l  axis  cor responds  

This i s  a s  expected, s ince,  as the 
d@ - 

t i nc reases ,  the 
d+ 

t increases .  

A possible method for  determining ionic composition would 

be to fit experimental  resul ts  t o  these  theore t ica l  models,  I t  is  

obvious that  because the curves v a r y  m o r e  significantly f r o m  each 

other ,  this  would be m o r e  accura te  than the previously descr ibed 

method of comparing the current  curves .  However, these  a r e  ideal  

cu rves  and a r e  not the exact r e su l t s  that  a r e  obtained af te r  passing 

the  signal through electronic c i rcui t ry .  

2.  3 Analysis of Differentiating Circui t  

The differentiating c i rcu i t ry  i s  shown in F igure  5. The 
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combination of R and C s e r v e  as a differentiator while R and C 2  

f i l t e r  the  output. 

1 1 2 

The  amplif ier  is considered t o  be an ideal isolation 

amplif ier  with infinite input and z e r o  output impedance and a gain of 

one. This  d. c. amplifier actually has  a gain of 50 but the gain h a s  

been taken as  one in the  following c,alculations. 

The  der ivat ive is obtained experimental ly  with the c i rcu i t  of 

F igu re  5, and it is useful t o  study the output as a function of the RC 

t ime  constants.  A st raightforward mathematical  c i rcu i t  analysis  i s  

not possible  because of the  complexitv of the input ior, c u r r e n t  function. 

It was  decided that an  impulse technique would be used s ince the 

response  of networks t o  other input functions can be de te rmined  f r o m  

the  impulse response.  See  M. Schwartz (1959) for  a discussion of 

the  following method of analysis .  

The  network was  analyzed cltilizing the  convolution in tegra l  

which i s  given by 

(2.13) 

A s  shown in Figure 5, g(t)  is the output function, f ( t )  is the  input, and 

h( t )  is the network t r a n s f e r  function in the  t i m e  domain and is found 

as the t i m e  response if  a n  impulse is applied t o  the  network. The  

network response m a y  be Considered a weighted s u m  of d i f fe ren t  

values  of f ( t )  with h(t)  as  the weighting function. The  in tegra l  

definition of an  impulse is  approximated by a s u m  s o  tha t  f ( t )  is 

represented  by a s e r i e s  of impulses  of varying weight. 
co 

f ( t )  = f ( T )  6 ( t - , T )  dT 
-OD 

( 2 . 1 4 )  
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(2.15) 

If  f ( t )  i s  applied to a l inear sys tem,  the response  can be 

found by superimposing the response of each of the  impulses  of 

equation 2.15. 

definition Ah(t-nAT), s o  that  the output i s  given by 

The response  of an  impulse A 6 (t-nAT) is by 

m 

g( t )  Z f(nA-r) h(t-nA-r) A T  . 
n=: -m 

(2 .16)  

In the limit a s  AT approaches 0 ,  nAa approaches a and the sum 

becomes the convolution integral ,  equation 2.13. 

F o r  the c i rcu i t  of Figure 5, the t r ans fe r  function i s  

T1 
(ST1 t 1) ( S T 2  1) e 

H(s)  = (2.17) 

This cor responds  t o  an  impulse response ,  t ime  function 

(2.18) 

-1 
where  

F r o m  equation 2.  16 and 2.18, we find that  

c = ( 1 / ~ 2  - 1 / ~ ~ )  

(2.19) 
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Equation 2.19 can be appiied t o  find the output for an  a r b i t r a r y  

input f ( t )  which for this  c a s e  will be the waveforms shown in 

F i g u r e  3, 

Experimentally,  a high gain d. c. operational amplif ier  with 

a feedback resis tance R 

voltage level. Ideally, 

i s  used t o  convert  the input c u r r e n t  t o  a F 

8 RF  = 10 

voltage icput of - 0 .  1 volts t o  the differentiator.  

ohms s o  that  a n  input of a m p s  cor responds  t o  a 

A computer p r o g r a m  was  writ ten t o  solve equation 2.19 with 

the  r e su l t s  being plots of output voltage ve r sus  sweep voltage. 

upper l imit  of the summation w a s  se t  by the fact that  h(t-T) = 0 for  

T l a r g e r  than t which means  that future  input,s do Rot affect the  

p re sen t  response.  

pas t  can be neglected s ince i t s  response  has  essent ia l ly  decayed to  

z e r o  and thus the lower limit was  found. 

w a s  taken as 0 .1  of the sma l l e s t  T because the exponential can v a r y  

only slightly in that  interval  of t ime.  

T h e  

Any t e r m  m o r e  than six t ime  constants  in the  

The  sampling interval ,  AT,  

In the f i r s t  set  of cu rves ,  F igu res  6 through 9,  ~2 -is 

constant and ~ 1 v a r i e s .  

dist inctive as the ideal der ivat ives  of F igu re  4, 

been attenuated and the durat ion of the r e sponse  i s  longer ,  but they 

do have the same genera l  shape as the  ideal  der ivat ives .  

It is c lear  that  t hese  cu rves  a r e  not as  

T h e  waveforms have 

Figures  6 and 7,for T~ = . 1  sec  and . 059 s e c , a r e  v e r y  

s imi l a r  s o  that  the effect  of decreas ing  T~ is negligible. As t he  
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p e r  cent He' i s  increasing in the region f r o m  0 %  to about 75y0 of 

the  to ta l  composition, the peak amplitude v a r i e s  only slightly, and 

the  position of the  peak sh i f t s  to the  left .  These  curves  offer l i t t le  

in  the way of a improved method f o r  determining plasma composition. 

In  the region f r o m  75% t o  100% He*, it might be possible t o  de te rmine  

p lasma composition f r o m  the  peak amplitude,  but for lower percent -  

ages  it would be difficult to apply th i s  method of analysis.  

In F igu re  8, it i s  seen that  fo r  T = . 02 secpthe  amplitude 1 

has  decreased  t o  approximately half the levels  of F igu re  6, and the 

network response  h a s  been damped out m o r e  quickly. 

F igu re  9 offers  some possibi l i t ies  for determining the  

ionic constituents. 

of 0.4 volts would be useful. 

t o  theoret ical  models could also be employed, since the shape of 

different p e r  cent He 

double peak can  be seen on the number 3 curve ,  and cor responds  t o  

the  t ime  response  of the  network being f a s t  enough so  that  it i s  

possible  t o  distinguish between the He* and 0' being retarded.  

Amplitude measu remen t s  near  a sweep voltage 

Curve fitting of experimental  r e su l t s  

t plots vary appreciably f r o m  each other .  A 

Figure  10 i s  a comparison of the waveforms fo r  different 

t 
values  of T with a 5070 He mixture .  Curves 1, 2 ,  and 3 a r e  

1 a lmost  identical except that the signal level  i s  decreasing a s  T 

d e c r e a s e s .  

a r e  distinguishable in curve 4 (the f i r s t  peak being the response  to  

He 

1' 

t The t ime response i s  such that the effects of He' and 0 

t f and the second being due t o  0 ) -  

i n  F i g u r e  !l,the time constant of the  output c i rcu i t  was  

changed, and i t  was noted that no new information was obtained by 

observing the output a s  a function of T 2 '  
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L 

The general  shape of the derivative charac te r i s t ics ,  

F igu res  6 through 11, i s  co r rec t .  

were  included in the s e r i e s  approximation (equation 2 .  19)  s o  that 

any e r r o r  is  reasonably small. 

A sufficient number of t e r m s  
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111. EXPERIMENTAL RESULTS 

3. 1 Ion Density 

When the total  potential goes negative s o  that near ly  all ions 

in the  path of the ape r tu re  a r e  collected, equation 2. 7 reduces  t o  a 

s imple  form,  provided the  vehicle velocity i s  much g rea t e r  than 

the  m o s t  probable ion velocity. 

approximated by equation 3. 1, where the angle 8 i s  shown explicitly. 

Posi t ive ion cu r ren t  is then 

I = aeANV cos 8 (3 .1)  

F r o m  th is  equation, ion density was  determined a t  saturat ion since 

all other p a r a m e t e r s  w e r e  known. 

F o r  the probe used on the  Mother-Daughter payload, the 

t r ansmiss ion  coefficient of a single gr id  was found t o  be . 93 by 

determining the fract ion of the gr id  a r e a ,  which was unobstructed 

by the wi re s .  

e 9 3  to  the fourth power since four gr ids  w e r e  used. 

A total  coefficient of a 74  was obtained by rais ing 

The instrument  calibration curve  is shown in F igu re  12; the  

input calibration voltage was applied through a l o 9  ohm r e s i s t o r  with 

the other s ide being held a t  ground potential on the col lector  plate of 

the probe.  Thus,  a calibration input of 1 volt cor responds  t o  an  ion 

cu r ren t  of amps  to  the collector plate.  The range switching 

fea tures  a r e  evident in Figure 12 and give the probe g rea t e r  f lexi-  

bility. 

The necessa ry  t ra jec tory  information for determining the 

ion density prof i le  i s  shown in Figures 1 3 ?  

a plot of altitude v e r s u s  flight t ime ,  while F igu re  14 i s  a plot of 

vehicle velocity ve r sus  flight t ime .  

14, zcd 15. F igu re  13 is 

F igu re  15 i l lus t ra tes  how the 
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angle 8 between t h e  velocity vector  and the probe axis var ied  

during the flight. 

magnetometer  data t o  de te rmine  the  att i tude of the probe;  the 

direction of the velocity vector  was  known f r o m  r a d a r  data.  

The  angle information w a s  obtained by analyzing 

Typical t e l eme t ry  data is shown in F igu re  16, where  

positive cur ren t  i s  represented  by a downward displacement.  

lower cu rve  is the  sweep voltage which h a s  been drawn over  r e p r e -  

sentative points which w e r e  obtained f r o m  a commutated t e l eme t ry  

channel. 

The  

The reduced ion c u r r e n t  data yielded the prof i le  shown in 

F igu re  17. Electron densi t ies  as  de te rmined  by the Mother-Daughter 

technique, simultaneous ionosonde f r o m  Wallops Is land,  and Alouette 

topside sounder data a r e  a l s o  shown fo r  comparison.  

3.1. 1 Spin Modulation of the Cur ren t  

Curren t  oscil lations as  shown in F i g u r e  16 w e r e  exhibited 

throughout the flight and the frequency of t hese  oscil lations c o r r e s -  

pondcd exactly t o  the  spin r a t e  of the rocket  as  de te rmined  f r o m  so lar  

aspec t  sensor  data. 

in a cylindrical  a luminum housing next t o  a cen te r  pos t  with a mag-  

netometer  on the other  side of the  center  post .  T h e  probe mounting 

with its pertinent dimensions i s  i l lustrated in  F i g u r e  18. A cen te r  

post  disturbance probably caused cu r ren t  osci l la t ions as  the  probe  

rotated under its influence. 

The probe was  mounted on the  top of the payload 

0 
The att i tude of t he  payload was  26  f r o m  

c the  ver t ica l  and did not v a r y  by m o r e  than f 2 

measuremen t s  were  being made.  

The  per cent oscillation v e r s u s  flight 

The initial rapidly-decreasing osc  F igure  19. 

while ion c u r r e n t  

time is shown in 

l lation m a y  be due t o  
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. 

the  wake of the leading payload section (the nose cone separated 

into two sections at 139 sec  in the flight) a s  the probe rotated in i ts  

wake. The Mach cone angle was calculated to be approximately 25  

corresponding to  experimental  conditions at a height of 300 km s o  

that the ion probe was definitely in the wake of the other nose cone 

section during th i s  pa r t  of the flight. 

0 

The increase  of oscillations during the remainder  of the 

ascent  m a y  be explained in the following manner :  the direct ion of 

the velocity vector  i s  slowly becoming m o r e  horizontal  s o  that  the 

collected ions a r e  being swept in f r o m  a m o r e  horizontal  direction 

under the influence of the center post. 

Solar aspec t  sensor data was used to check this hypothesis 

and the r e su l t s  w e r e  encouraging. As  shown in F igu re  20, it was 

folind that the cu r ren t  maximums occurred  when the probe was 14 

f rom the leading edge of the payload, and the cu r ren t  minimums 

occurred  when the probe was approximately 2 3  

behind the magnetometer  and center  post  with respec t  to the horizon- 

tal component of velocity which was 7 

accuracy  of these  measurements  i s  *10 , and they a r e  reasonably 

consistent with the  expected resu l t  that min imum curren t  was 

collected when the ion probe was obstructed by the center  post  by a 

wake and /o r  e lec t r ic  field mechanism. 

0 

0 f r o m  being d i rec t ly  

0 south of east .  The est imated 

0 

It s e e m s  likely that the e lec t r ic  field in the vicinity of the 

probe and the center  post  contributed to the observed resu l t s .  

Because of the rotation of the probe,  not a l l  the cuilected ions passed 

through an  identical electric field with the resu l t  being var ia t ions in 

the c u r r e n t  level  a s  the probe rotated.  
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3.1. 2 Scale Height 

The ion scale  height H. depends on the s u m  of ion and 
1 

e lec t ron  t empera tu re  a s  shown in equation 3 . 2  for diffusive equili- 

b r  ium. 

1 
k(T t T.)  Hi 

- gmi _ -  log, N(z )  = d 
dz 

- -  
e 1  

( 3 . 2 )  

N(z) ,  mi, and g a r e  respectively the charged par t ic le  density,  

average ion m a s s ,  and accelerat ion of gravity at the altitude z, 

while T and T .  a r e  the electyon and posit ive ion tempera tures .  

At 600 km the calculated sca le  height was 274 km, yielding 

e 1 

a n  effective charged par t ic le  tempera ture ,  e ' T i  , of 2160°K, 
3 
L t assuming only 0 ions t o  be present.  In these calculations data 

obtained f rom the Mother-Daughter prof i le  was  used because the 

measu red  ion profile was obvioys ly  in e r r o r ,  

4 3 
e l ec t rons / cm 

4 3 
N(  625 km) = 5.45 x 10 

N(575 km) = 6.54 x 10 e l ec t rons / cm , 
2 while g(600 km) = 8.16 m / s e c  ~ 

The sca le  height was determined a t  an  altitude of 600 k m  because at 

lower alt i tudes the slope of the Mother-Daughter profile i s  not 

c ons t ant. 

Since t h e r e  i s  a n  absence of t h e r m a l  equilibrium during the 

daytime (Bauer  and Blumle, 1964) with T e / T i  es t imated a t  1. 5 at 

600 km, the infer red  ion tempera ture  i s  1730 K. 

3. 2 Vehicle Potential  

0 

As a vehicle t r a v e r s e s  the ib.iosphei=e, it zcqui res  a poten- 

t i a l  due to the presence  of charged pa r t i c l e s ,  and this potential is 

usually negative due to the l a r g e r  t he rma l  velocit ies of e lectrons.  
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The outer gr id  of the probe was  t ied t o  vehicle ground S O  

that  the total potential, @ 

the  retarding gr id  potential. 

was the s u m  of the vehicle potential and t’ 

( 3 .  3) 

@v is the vehicle potential with r e spec t  to  the  p l a sma  and @ 

gr id  sweep voltage. 

is the  
g 

If Go is defined as  the sweep voltage which is just  sufficient 

t o  repel  ions which have a z e r o  velocity component ( in  the ea r th ’ s  

r e fe rence  f rame)  in the direction of the vehicle velocity vec tor ,  then 

vehicle potential is given by 

( 3 . 4 )  

@o was determined at the point 1 - I 

slight overest imate  of the negative potential provided V cos 8 >>a. 

The  calculated vehicle potentials a r e  shown in F i g u r e  21. 

/ 2 ,  which causes  only a Max 

Vehicle potential var ied only slightly throughout the  ascent  and had 

a n  average  value of - 2 .  3 volts.  The calculated potentials w e r e  high, 

and th i s  was  partly because the rocket  velocity w a s  not much g r e a t e r  

than the mos t  probable ion velocity. 

When 

e@t = - m ( V  1 cos  8 )  2 , 
2 

then x = 0 ,  and the c u r r e n t  is  

a v  COS^ 
2 +21J.rr) ’ I = cueAN( 

(3. 5) 

(3. 6 )  

which f o r  l a rge  V cos  8 /a approaches one half the max imum cur ren t .  
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But throughout the f1ight:the V cos 8 / a  ra t io  var ied  f r o m  only 3 down 

to  l e s s  than 1. 

it was determined f r o m  equation 3 .  6 and the te lemet ry  data that  th i s  

low value of the  V cos 8 /a ra t io  caused a n  overest imate  of the nega-  

t ive vehicle potential by . 4 volts. Considering th i s  source  of e r r o r ,  

the average  vehicle potential would be -1. 9 volts. 

As  a typical example, at 600 km, V cos 8 / a  2 and 

Contact potential can be significant and should be considered 

in determining vehicle potential. 

t ions,  using an ion source  and tes t  chamber ,  Anderson and Bennett 

(1965) found a contact potential of . 5 volts existed between the 

aluminum skin of a vehicle and the retarding gr id  doublet. 

magnitude of this effect will depend upon the types of me ta l s  used. 

With the aid of laboratory ca l ibra-  

The 

Tungsten has  a work function between 4 and 5 e lectron volts 

and aluminum has  a lower work function between 3 and 4 volts.  

tungsten and aluminum a r e  brought into e lec t r ica l  contact, tungsten 

will have a negative potential with respec t  t o  the aluminum. This  

potential will equal the difference in the work functions and will 

depend on the surface conditions of the me ta l s .  

If 

Because work functions a r e  dependent upon sur face  condi- 

t ions,  only an est imate  of th i s  effect i s  possible .  But, it i s  obvious 

that the contact potential between the tungsten gr ids  and the aluminum 

housing caused the calculated vehicle potential to be m o r e  negative,  

and this effect  can be of the o rde r  of . 5 to  1 volts. 

3.  3 Ion Tempera ture  

Ion tempera ture  can be est i r ra ted f r o m  equation 2 . 1 2 .  

dI 
d@ 

Around x = 0 ,  - has a maximum negative value which cor responds  

to  approximately half the ions being collected at the region half way 
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down the @-I charac te r i s t ics .  Near x = 0 ,  

1 2 
2 e @  = - m ( V c o s O )  , 

a = W m ,  

(3. 7) 

( 3 . 8 )  

and af te r  substituting for @, a ,  and x, equation 2.12 reduces  t o  

2 dI - -(Ye AN - -  
d@ JTmG (3. 9) 

Equation 3. 9 can be solved for ion t empera tu re ,  yielding 

) 2  * 
max 2 I 

T =  - 
- 2mkm e (  V c o s 0  dI (3.10) 

d@max 

A @  i s  defined as the total  change in gr id  potential that  t akes  

p lace  while the collector cur ren t  i nc reases  f r o m  z e r o  t o  i t s  maxi-  

m u m  value at  i t s  maximum rate  of increase .  

I A$ = m a x  
dI 

d@rnax 
- 

Then, ion tempera ture  reduces t o  

10 A @  ) 2  T = 1.11 x 10 (v cos e 

(3.11) 

(3.12) 

In equation 3.12 it i s  assumed that only atomic oxygen ions a r e  

collected. A@ is a s  shown in F igu re  16, and the dimensions of V a r e  

m / s e c .  

dI 
d@ 

F r o m  F igure  4, it i s  seen  that - changes v e r y  rapidly on 

ei ther  side of the maximuni. This is a ma jo r  sou rce  of e r r o r  in 

determining ion tempera ture ,  especial ly  since any e r r o r  in - will 

be squared. 

dI 
d@ 
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A sample of the calculated ion t empera tu res  i s  presented 

L 

3 

in F igu re  2 2 .  

f r o m  2000 to 4000° K,  with a few points being even higher than 

4000° K. 

The resu l t s  a r e  e r r a t i c  and generally l ie in a range 

0 The average ion t empera tu re  below 900 k m  i s  3300 K. 

3 . 4  Electron Tempera ture  

A measurable  e lectron cu r ren t  was not collected during 

the electron mode a s  can be seen  in F igu re  16. Thus,  no electron 

tempera ture  calculations could be made.  

In any subsequent experimental  work,the cur ren t  sens i -  

tivity in the electron mode will need t o  be increased  i f  e lectron 

measurements  a r e  to be  made.  

volts,  kept the electron flux to  the probe lower than anticipated and 

The high negative potential, -1. 9 

this  i s  the reason why the instrument  sensit ivity in the electron 

mode was not sufficient for  the experimental  objectives. 

3. 5 Derivative Channel 

The output of the der ivat ive channel exceeded the 0 to  5 

volt l imi t s  of te lemet ry  s o  that  the waveforms resembled the cu rves  

of F igu re  7,  except that the upper portions of the curves  w e r e  chopped 

off. The t ime constants of F igu re  7, T = . 059 s e c  and T~ = . 0015 sec ,  

were  the values used for  the flight instrument .  

1 

About the only measu rab le  quantity was  the pulse width a t  

some  a r b i t r a r y  level,  but as can be seen  f r o m  F igure  7,  pulse  

width remains  fa i r ly  constant even though the  p l a sma  composition 

var ies .  Thus,  no  useful ion composition information was  obtained 

f rom the derivative data. 

Naturally, the spin modulation of the c u r r e n t  appeared 

differentiated on the der ivat ive channel and th i s  dis tor t ion of the 
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derivat ive character is t ics  reduced the quality of this  data.  



- 47 - 

IV. CONSIDERATIONS AND DISCUSSION 

4. 1 Ion Composition 

F r o m  the analysis  of the differentiating c i rcu i t  fo r  the 

var ious t ime constants ,  it i s  seen that  a comparison of experimental  

and theore t ica l  der ivat ive charac te r i s t ics  could be employed t o  

determine the ionic constituents. 

fea tures  of the derivative charac te r i s t ics ,  such as  var ia t ions in 

amplitude and shape, the derivative method would be slightly m o r e  

accu ra t e  than comparing cur ren t  charac te r i s t ics .  However,  the 

increased  accuracy  would be relat ively minor  s o  that no significant 

advances in the  field of ion composition measu remen t s  would resul t .  

Because of the m o r e  distinctive 

T h e r e  w e r e  no  salient fea tures  of der ivat ive cha rac t e r i s t i c s  

(F igu res  6 - 11) which suggested a new approach to  the problem of 

determining ion composition. 

Because the spin modulation of the cu r ren t  caused 

considerable  var ia t ions in  the shape of the probe cha rac t e r i s t i c s ,  

no  effort  was made  t o  compare o r  obtain the bes t  fit of theore t ica l  

cha rac t e r i s t i c s  t o  experimental  r e su l t s  . Cons equently, ion composi- 

tion was not determined. 

4. 2 Ion Density Prof i le  

As seen  f r o m  Figure 17, the calculated ion densi t ies  a r e  

low as  compared to ionosonde data and Mother-Daughter resu l t s .  

It is es t imated that the experimental  e r r o r  i s  *2070 for th i s  type of 

experiment,  but th i s  does not account for  the l a rge  d iscrepancies  of 

F igu re  17. The  ion probe r e su l t s  a r e  h c o r r e c t  by approxiixately a 

factor of four  at the lower alt i tudes s ince the  ionosonde data i s  

mos t  probably accu ra t e  to within 570. 
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There  a r e  t h r e e  distinct regions in the  profile of F i g u r e  17. 

F o r  altitudes below 450 km, the ion probe r e su l t s  a r e  ex t remely  low. 

F r o m  approximately 450 t o  700 km, the e r r o r  in the  ion probe  

r e su l t s  is fairly constant,  assuming the Mother-Daughter prof i le  

is co r rec t .  

slowly with altitude and approach the densi t ies  measu red  by the 

Mother-Daughter method. 

of these three regions.  

Above 700 km, the ion densi t ies  a r e  decreas ing  m o r e  

The ion profile will  be explained in terms 

The  possibil i ty that  a wake effect might have caused the 

exceptionally poor r e su l t s  at the alt i tudes below approximately 

450 k m  w a s  investigated. 

a t  139 s e c  in the flight and the  probe  was  in the wake of the leading 

payload section during the  c r i t i ca l  per iod when a compar ison  with 

ionosonde data would normal ly  be applicable. 

would be decreasing a s  the  dis tance between the  two sect ions in- 

c r eased ,  and the two sect ions w e r e  moving away f r o m  each other 

with a relative velocity of 5. 34 m / s e c  a f t e r  separat ion.  

The  nose cone separa ted  into two sect ions 

This  wake effect  

A wake effect could easi ly  explain the l a r g e  e r r o r  during 

the  c r i t i ca l  period jus t  a f t e r  separat ion when the separa t ion  d i s -  

tance  was  not great.  

effects experimentally and t h e i r  r e su l t s  show that  t h e r e  is  a wake 

strongly depleted of ions and electrons due t o  supersonic  bodies 

moving through the  ionsophere.  However,  40 seconds a f t e r  s e p a r a -  

tion, the payload sect ions w e r e  a l r eady  m o r e  than 2 0 0  m apa r t .  

it is improbable that t he  wake of leading payload section could have 

caused the low ion densi ty  m e a s u r e m e n t s  which w e r e  obtained during 

the  remainder  of the flight. 

Samir and Willmore (1965) have  studied these  

Thus ,  
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If it i s  accepted that  low ion densi t ies  were  caused by a 

wake depleted of ions, then why w e r e  not the electron densi t ies  as 

measu red  by the Mother-Daughter experiment a l so  reduced s o  a s  to  

maintain e lec t r ica l  neutral i ty  of the p lasma?  The Mother -Daughter 

technique involved propagation with antennas of f a i r ly  wide beam 

width s o  that the rf t ransmiss ion  path m a y  not have been p r imar i ly  

l ine of sight between the two payload sections and in the wake. 

Then, the effects of the wake might not be observable on the electron 

density profile. 

Between 450 and 700 km, the ion densit ies of F igure  17 a r e  

consistently low, but t he  slope of the profile is nea r ly  co r rec t .  

is believed that  the low densit ies a r e  due t o  an  inaccurate  geometr i -  

c a l  determinat ion of the  t ransmiss ion  coefficient, crl, of a single 

grid.  Theoretically,  CY was found to be . 9 3  by determining the 

fract ion of the a r e a  which was unobstructed by the  gr id  wi re s ,  but 

th i s  was probably a n  overest imate  of al. 

It 

1 

Hanson et al. (1964) measu red  the t r anspa rency  of the i r  

g r ids  a t  about 8770. Geometrically,  the t r anspa rency  would have 

been about 97% and this  would have been an overes t imate  of CY by 1 

1270. 

theore t ica l  value of a1 would have been higher  than the actual  value 

by 15700; a t r ansmiss ion  coefficient o f .  56 was measu red  for 3 planar 

gr ids  of 1 m i l  w i re  with approximately a 1 mm m e s h  dimension. 

Extrapolated to  4 gr ids ,  this low a value of CY would explain the  

discrepancy in the  ion profile uf Fig::-% 1 7  at. the middle alt i tudes.  

The instrumentation used by Hanson was of the s a m e  s ize  wire ,  with 

approximately the s a m e  per cent a r e a  obstructed by the wi re  (within 

In a n  e a r l i e r  experiment by Hanson and McKibben (1961), a 



- 50 - 

about 5% per  gr id)  s o  that  a compar ison  is valid. 

facts ,  t he re  can  be l i t t le doubt that  the cor rec t ion  of cy t o  a lower 

value is justified, 

Because of t hese  

A difference between theoret ical  and  t r u e  va lues  of cy of 

in a considerably l a r g e r  e r r o r  

1 

the o r d e r  descr ibed would r e su l t  

in t he  to ta l  t ransmiss ion  coefficient f o r  4 gr ids  and would be suffi- 

cient to co r rec t  the ion density profile of F i g u r e  17. The  no rma l -  

ized profile of F igu re  2 3  cor responds  to  the assumption that  under 

experimental  conditions, cy was  . 78 instead of the theoret ical ly  

determined value of . 9 3  and in view of the  examples  f r o m  the l i t e r a -  

t u r e ,  this  i s  a reasonable  es t imate  of the c o r r e c t  value.  Appendix B 

desc r ibes  some pertinent labora tory  measu remen t s  of the optical  

t ransparency  of gr ids .  

1 

Above 700 km, the calculated densi t ies  of F igu re  2 3  a r e  

high and indicate that m o r e  cu r ren t  was  collected than the s impl i -  

fied ram theory of equation 3 .  1 predicted.  

ion der sities,obtained ei ther  when the ion t h e r m a l  velocity approaches  

the  velocity of the  vehicle o r  when planar  t r a p s  a r e  pointed at too 

l a r g e  a n  angle f r o m  the velocity vector ,  have been too high 

(Bourdeau,1963). 

th i s  ver t ica l  sounding rocket .  However,  the amount of e r r o r  due 

t o  these  fac tors  should have been considerably l e s s  than  t h e  observed  

e r r o r s .  

This  was  expected s ince  

Both these  conditions occur red  n e a r  apogee of 

Calculations w e r e  made ,  using the complete  c u r r e n t  

expression,  equation 4. 1, to  de te rmute  exact ly  how accura t e  the  

approximation, I = aeANV cos  8 ,  was  at the lower  veloci t ies  and 

l a r g e r  angles  of a t tack,  
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2 

I = aeANV cos 8 (- t -erf(x)  t - 
-X e 

) 9  

1 1  
2 2  2 x 6  (4. 1) 

at qt = 0. At a n  alt i tude of 910 km,  the Het and 

concentrations w e r e  a s sumed  t o  be 10% and 5% of the  total  posi-  

v cos e where  x = 

H 

t ive ion composition,consistent with Het and H concentrations 

de te rmined  by Taylor  et al. (1963) by m e a n s  of a ion mass spec t ro-  

m e t e r .  K ,  the calculations showed tha t  

any e r r o r  in the measu red  densi t ies  result ing f r o m  using the approxi- 

mate equation was  l e s s  than  370~ Thus,  the high densi t ies  cannot be 

explained by the theory of equation 4. 1. 

a 
t 

t 

0 F o r  a t empera tu re  of 1730 

The  d a t a  a l s o  revealed that  a relat ively l a r g e  cu r ren t  was  

collected during descent as  i l lustrated in F i g u r e  24. 

c u r r e n t s  a r e  in agreement  with da ta  obtained by Samir and W i l l -  

m o r e  (1965) who  a l so  collected a significant f ract ion of the ambient  

densi ty  in  the wake. 

T h e s e  

F o r  an accu ra t e  calculation of the  wake cu r ren t ,  a n  

analysis  taking into account vehicle potential  is needed. However,  

it i s  usually assumed that the e lec t r ic  field is small s o  that  t he  ion 

flux can  be approximated by the neut ra l  pa r t i c l e  flux. 

assumption,  Samir  and W i l lmore  concluded that  the  exper imenta l  

wake c u r r e n t s  w e r e  much higher than could be explained by con- 

s ider ing only the the rma l  motion of t he  ions.  

t he  c u r r e n t s  i l lustrated in F i g u r e  24 and w a s  ver i f ied by making the 

n e c e s s a r y  calculations. Equation 4. 1 was  employed but one mus t  

be carefu l  t o  use the p rope r  s igns  for  angles  of a t t ack  l a r g e r  than 

90°. 

neut ra l  particles collected in the  wake of a sphe re .  

Applying th i s  

This  is a l s o  t r u e  of 

This  equation was  a l so  der ived by A l ' P e r t  e t  al. (1963) fo r  
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Since an unexplained cu r ren t  was  collected during 

descent ,  it seemed likely that this  effect would a l so  have been 

present  during ascent .  If this  is co r rec t ,  the  descent  c u r r e n t  

should be a reasonable indication of t he  amount of excess  

cu r ren t  which was  not accounted f o r  by the  theory.  

co r rec t ed  profile was obtained by subtracting the descent  f r o m  the  

ascent  cur ren t  before  calculating the  normal ized  densi t ies .  

resul tant  cor rec ted  profile of F igure  2 5  a g r e e s  f a i r ly  well  with the 

Mother -Daughter r e su l t s  except at the lowest a l t i tudes.  

ascent  

Thus,  a 

The 

The  problem is t o  de te rmine  what mechan i sm caused the  

cu r ren t  of approximately ~ 7 x l o m 9  amps  which was  collected 

during descent. 

This was  not a photoelectric effect s ince a l a r g e  negative 

voltage on grid G suppressed  local  e lec t rons .  In addition, the  

angle between the  sun and the probe  axis w a s  about 95 . Also, f r o m  

F igure  2 4 ,  it is s een  that the effect is  re la ted  t o  the ambient ion 

density,  judging f r o m  the way the c u r r e n t  peaked jus t  above the  

F peak. 

4 
0 

A plausible explanation s e e m s  to  be  that the negative 

vehicle potential of - 1. 9 volts a t t rac ted  and col lected ions that 

would otherwise not have been collected.  T h i s  would cause  an 

i n c r e a s e  in the effective collection a r e a .  

Sagalyn et al. (1963) took into account t he  effects of 

vehicle potential on the i r  spher ica l  e lec t ros ta t ic  ana lyzer  by de te r -  

mining experimentally f r o m  the flight data a n  f($) function which 

was  defined a s  



- 55 - 

4 a *  
0 

0. - 
Q *  

O 0  
x 

Qo 
x 

a 
0 

0 

a 

X 

x 

Q 
0 . * *  

0 

x 

I I I I I 
0 
0 
Q) 

t e 
0 8 8 6l 

8 
W 

;i 
E 
0 z 



- 56 - 

(4 .2 )  

where  I and I a r e  the cu r ren t s  measu red  a t  @ = 0 and @ = -qV. 

In other words,  the densit ies were  not determined f r o m  the  maximum 
0 - @V g g 

cu r ren t  but f rom the cu r ren t  collected when the total  potential was 

zero .  It s eems  logical that this  reasoning would be a t  l ea s t  par t ia l ly  

applicable to the present  problem a t  leas t  a s  a method of estimating 

the  effects of the e lec t r ic  field. 

Sagalyn et al, reported an  f (@) of 1. 45 a t  @ = -1. 7 volts 

= - 1. 9 volts f o r  

V 

while this  experiment yielded an  f (@)  of 1. 6 at  $I 

the  higher altitudes and decreased  to  about 1. 1 a t  the lower alt i tudes.  

V 

An f(@) of this na ture  would be consistent with the cor rec t ions  needed 

to improve the accuracy  of the profile.  A l a r g e r  f (@)  n e a r  apogee 

would reduce the high calculated densi t ies ,  and a s  f (@) approaches 1 

at the lower altitudes, the cor rec t ion  would become negligible. 

I t  i s  of in te res t  t o  note that other exper imenters  have 

obtained ionospheric data  which could not be in te rpre ted  in a n  

ent i re ly  consistent manner ,  

An investigation of the ionic composition of the a tmosphere  

was  per formed by Istomin (1963) with a radio-frequency m a s s  spec-  

t rome te r .  During descent ,  while the instrument  was in the "shadow 

cone", a considerable number of 0 ions w e r e  collected.  Is tomin 

concluded that  the observed phenomenon could be accounted f o r  

e i ther  by 0' drift  velocit ies of the order  of 1 k m / s e c ,  or  by v e r y  

high velocit ies of random motion reqL'r ing half of the 0 

height of 250  km to have t empera tu res  of a t  l ea s t  2 0 ,  000 

mechanisms by which "hot" ions can be produced w e r e  presented .  

+ 

+ .  ions a t  a 

0 K. Seve ra l  
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Both of these  hypothetical phenomena 

explanations of the  data presented in th i s  analysis  s ince the i r  exis-  

tence is completely at variance with cur  present  understanding of 

w e r e  re jec ted  a s  possible 

the ionosphere. 

4. 3 Sheath Thickness Effects 

In order  t o  check the  accuracy  of the method of analysis  

employed. ( that  i s  the use of the equations der ived by Whipple), 

the  c a s e  where  the angle of attack was 90  

V c o s e  = 0 and, for an attracting field, the cu r ren t  reduces  to  the 

well  known equation for the thermal  cu r ren t  t o  a s ta t ionary probe. 

0 was investigated. Then, 

LveANa I =  
2 6  

(4. 3 )  

-9  F r o m  equation 4. 3,  the cu r ren t  was found t o  be . 3 x 10 

0 4 K and densi ty  of 1. 7 x 10 amps  for an  ion t empera tu re  of 1730 

ions / cm , assuming the  plasma composition to  be 5% H , 10% He 

and 85770 0'. 

measured  value of 67  x 

cent near  900 km, when 8 = 90 

3 t t 

This  calculated value i s  approximately half the 

amps  which was obtained during des -  

0 

It appears  t he re  must be an additional p rocess  by which ions 

a r e  collected. 

seen  that  t h e r e  i s  a cur ren t  due to the edge effects of the e lec t r ic  

field in the sheath region. 

F igure  26, which i s  a n  extremely simplified model  and only one 

special  c a s e  of the m o r e  difficult problem for intermediate  angles  

of attack. 

approximation of the excess cu r ren t  due to  the e lec t r ic  field could 

be made. 

F r o m  a consideration of the physics  involved, it i s  

These cu r ren t s  a r e  i l lustrated in 

Because of the complexity ?f t h e  Froblem, only an 

Since the sheath thickness was approximately 1 2  cm, 
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ions at g rea t e r  distances were  not collected. 

The significance of the Debye length i s  that  any sh ie ld ing  

of a charged body by space charge in the surrounding plasma occurs  

in a dis tance of the o rde r  of a Debye length, L, where ,  

L = J- (4 .4)  

4 and E 

i o n s / c m  , the Debye length would be 2 cm. The p a r a m e t e r s  used 

is the permitt ivity.  F o r  T = 1730' K ,  and N = 1. 7 x 10 
0 

3 

in the t r a j ec to ry  analysis  were: 

sheath thickness,  S ,  = 12 c m  

@ = -1. 4 volts (es t imated vehicle potential i f  a contact 
potential of 5 volts is  assumed)  

V = 1. 5 k m / s e c  

N = 1.7  x l o 4  ions /cm 3 

The e lec t r ic  field was considered uniform and was found 

f r o m  E = @/S and only the field d i rec t ly  above the meta l ic  probe 

sur face  was considered (fringing of the field was  neglected). 

F r o m  the  t ra jectory calculations,  an effective collector 

a r e a  was found, even though the projected collector a r e a  in the 

direct ion of the velocity vector was  zero .  This  effective a r e a  

would cause  a cur ren t  of the c o r r e c t  o r d e r  of magnitude t o  explain 

the  difference between the  measured  wake cur ren t  of . 67 x 

and the  theoret ical  t he rma l  cu r ren t  of 3 x amps .  

amps  

This  analysis indicates that Whipple's r e su l t s  need t o  be 

suppie1iiei:tzd with equations which take  into account the potential 

and physical dimensions of the instrument .  

cannot be presented since the field will depend on the s ize  and shape 

A genera l  analysis  
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of a par t icular  probe configuration, and on the charac te r i s t ics  of 

t he  p l a sma  in a non-linear manner .  

fo r  a collector mounted on an  infinite plane, but when finite dimen- 

s ions a r e  considered, they do not include all ion collection mechan-  

i s m s .  

Whipple's equations a r e  valid 

The t r a j ec to ry  analysis  was applied for  an intermediate  

0 angle of attack a t  8 = 40 . The calculations showed that  for  

par t ic le  velocities of the  o rde r  of the mean thermal  veloci t ies ,  some  

ext ra  ions will be collected by the field effect, depending on the 

assumed velocity direct ions of the par t ic les .  It had been hoped 

that  this  cur ren t  could be determined and then be applied as  a 

cor rec t ion  to  the ion density profile.  But, the actual  cu r ren t ,  due 

to  this  mechanism, cannot be accura te ly  calculated because of the 

complexity of the problem. However, this  does demonst ra te  a 

method by which excess  cu r ren t  was collected and i s  the mos t  

probable reason for the calculated densi t ies  being much too high 

nea r  apogee. 

When the  sheath dimension becomes l a r g e  compared  to  the 

probe,  the electr ical  influence of the probe extends t o  a dis tance 

many t i m e s  the probe dimension. This will tend t o  cause  a focusing 

of the ions on the probe. The sheath th ickness ,  S ,  can be est imated 

f r o m  equation 4. 5 which was obtained by solving Po i s son ' s  equation 

fo r  a planar geometry,  assuming the charge  densi ty  t o  be a con- 

stant value, Ne, f o r  a distance S f r o m  the  plane. 

S = d2e@/kT L (4. 5) 

Jas t row and P e a r s e  (1957) der ived an identical  express ion  f o r  a 
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sphere  when S i s  much l e s s  than R ,  where  R was the rad ius  of 

the sphere.  

S was of the  o rde r  of 12 c m  a t  apogee and this  means  that 

the sheath thickness was comparable t o  the probe dimensions.  

Then, the potential in the sheath is important in determining the 

total  collected cu r ren t  and Poisson ' s  equation mus t  be solved in the 

sheath with all sou rces  of space charge  being considered. This  i s  

an ex t remely  complicated problem usually requir ing numer ica l  

procedures .  

Analysis of the situation was considered a s  pa r t  of a 

Doctorate thes i s  by Whipple (1965) .  

lect  the the rma l  motion of the ions,  but the plasma t empera tu re  was 

taken into account through the Debye length. The  ions w e r e  consid- 

e r e d  t o  be approaching the vehicle with a uniform speed f r o m  one 

He found it necessa ry  to neg- 

direct ion e 

This discussion simply points out the nature  of the problems 

involved when the sheath dimension becomes of the  o r d e r  o r  l a rge r  

than the probe dimensions.  

that  this  is a significant effect s ince h e  found that  the ion cu r ren t  t o  

a negatively-charged rapidly-moving sphere  can  be increased  by a t  

l eas t  a factor of 2 o r  3 compared to  the s imple ram cur ren t .  

Theoret ical  studies by Whipple ver i fy  

It i s  evident that  a solution for  the probe configuration 

employed in  th i s  experiment ( a  plane col lector  mounted on a 

cylindrical  housing) i s  a major undertaking beyond the  scope of 

th i s  analysis .  

4. 4 Ion Tempera tu re  

The  computed ion t empera tu res  of F igu re  2 2  a r e  higher 
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than m o r e  reasonable values obtained f rom scale  height calcula-  

tion. It i s  obvious that  t he  cu r ren t  oscil lations d is tor ted  the shape 

of the probe cha rac t e r i s t i c s  and caused considerable sca t t e r  in  the 

calculated tempera tures .  

ent upon accurately drawing a tangent t o  the maximum slope, which 

was  distorted by the oscil lations,  the calculated ion t empera tu res  

a r e  not a s  reliable a s  des i red .  

Since ion t empera tu res  a r e  highly depend- 

It  has general ly  been the c a s e  that the d i rec t  measu remen t  

of ion tempera tures  by measur ing  the ion velocity distribution h a s  

yielded tempera tures  that were  considered too high. 

pointed out by Bourdeau (1963) that  i t  i s  m o s t  likely that ion t e m -  

pe ra tu res  computed f r o m  planar  ion t r a p s  a r e  usually too high 

because the ion sheath i s  not planar .  

the planar  sheath was the contact potential difference between the 

outer tungsten grid and the aluminum housing. 

It has  been 

One of the f ac to r s  disturbing 



V ,  SUMMARY A N D  CONCLUSIONS 

5 1 Objectives of the Investigation 

The  purpose of this  work was  t o  obtain a d i rec t  measu remen t  

of ionospheric p a r a m e t e r s  using a retarding poten:ial ion probe. The 

des i r ed  p a r a m e t e r s  were :  positive ion density,  composition, and 

t empera tu re ,  e lectron tempera ture ,  and vehicle potential. 

The  derivative of the  probe cha rac t e r i s t i c s  was  investigated 

t o  de te rmine  If  it would be useful in analyzing posit ive ion composition 

5 ,  2 Review of the  P rocedure  

The well known equation f o r  ion cu r ren t  t o  re tarding poten- 

tial probe  was  used to determine posit ive ion density,  

was max 

s ;ch that 

known s o  

1 m a x  
aeAV c o s  6 (5.1) 

m e a s u r e d  by the instrument when the total  potential was  

no ions w e r e  being repelled.  All  other p a r a m e t e r s  w e r e  

that ar, ion decsi ty  profile was  obtained. 

Vehicle potential was de te rmined  f r o m  the  equation, 

where  4 was the sweep voltage at the point I = I 1 2 .  
0 max 

Assuming that only atomic oxygen ions w e r e  collected,  ion 

t empera tu re  was  calculated f r o m  equation 5, 3. 

10 A@ 2 
T .- 1.11 x 10 <,os  1 (5. 3) 

A @  is defined as the total  change in g.  1 poteztizl  that  occurs  while 

the  col lector  cu r ren t  increases  f r o m  z e r o  t o  its maximum value at 

its maximum r a t e  of increase.  
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A conventional analysis  of the differentiator was not used 

because of the complexity of the input function. 

convolution integral  was used s o  that  the differentiator output was 

Therefore ,  the 

approximated by 

m 
- C  e -(t-nAT) / T  1 g( t )  = 'c f(nA-r) (- 

n = -a T-l T2 

C e -(t-nAT) / T  
2 ) A T  , t -  2 

T2 
(5. 4) 

where  g ( t )  was the  output and f(nA-r) approximated the input probe 

charac te r i s t ics .  F r o m  equation 5. 4,the derivative cha rac t e r i s t i c s  

were  found and then investigated for  possible  methods of analyzing 

ion composition. 

5. 3 Resul ts  

An-ion density profile was obtained for  alt i tudes f r o m  280 

4 3 to  940 km. A peak density of 6 . 1  x 10 ions / cm was measu red  when 

the probe was exposed t o  the ionosphere a t  a height of 280  krn,which 

5 3 
was 35 k m  above the F region peak electron density of 4 .45  x 10 / c m  

a s  determined by simultaneous ionsonde. The m e a s u r e d  densi t ies  

decreased  t o  1.6 x 10 ions / cm at apogee. The Mother-Daughter 

profile yielded an ion sca le  height of 274 k m  at an  alt i tude of 600 km 

which indicated an ion t empera tu re  of 1730 

4 3 

0 K .  

After  applying two cor rec t ion  procedures , i t  was  found that 

the ion prof i le  corresponded reasonably well  with densi t ies  m e a s u r e d  

by the Mother-Daughter technique except f o r  the  data  obtained below 

approximately 450 km. The cor rec t ion  t e r m s  took into account an 

inaccurate  theoretical  value fo r  the t r ansmiss ion  coefficient and ion 

cu r ren t s  which were probably collected because  of the  l a r g e  negative 
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potential  of the vehicle. 

The ion t empera tu res , a s  determined f rom the slope of the 

probe character is t ics ,  exhibited l a rge  random variat ions of a s  much 

a s  1000 K f rom one Eon current  curve  t o  the  next. 

calculated ion t empera tu re  was about 3300 

0 
The average 

0 
K. 

Vehicle potential remained fa i r ly  constant during the flight 

and a l l  the data points w e r e  within a range of f r o m  - 2 . 1  to  -2 .  5 volts. 

Because vehicle velocity was cot much g rea t e r  than the most  probable 

fon velocity, vehicle potential ,vas overest imated by 

approximations in the  theory).  Therefore ,  the average  calculated 

vehicle potential was -1. 9 volts. 

4 volts (due $0 

Current  oscillations at  the s a m e  frequency a s  the spin r a t e  

of the rocket w e r e  observed throughout the flight. 

var ia t ions dis tor ted the shape oi the probe Character is t ics  and 

consequently no ion composition calculation could be made. 

These  cu r ren t  

An electron cur ren t  was  not collected during the  electron 

mode of operation and therefore  e lectron t empera tu re  could not be 

calculated. 

Theoreti-xlly, no sLgnlfLcanf,ly improved methods of de t e r -  

mining Lon compositiorA were found f r o m  the investigation of the 

der ivat ive of the probe charac te r i s t ics ,  and the derivative charac-  

te r i s t ;cs  var ied  only slightly as a function of the  differentiator t i m e  

constant 

5 .4  Conclasions 

The measu red  ion densi t ies  - ' e re  not in good agreement  

with the r e su l t s  of the Mother-Daughter experiment or ionosonde 

data and t h e r e  w e r e  three significant, fac tors  causing the resul tant  
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ion density profile of F igu re  17. 

Below 450 h, the  wake of the Daughter caused a t r a i l  of 

depleted ion densi t ies  and resul ted in the measu red  ion densi t ies  

being extremely low. 

of 100 m. 

This  wake extended to  a dis tance of the order  

On the bas i s  of the  fa i r ly  constant difference between the 

ion and electron prof i les  of F igure  17 for alt i tudes between 450 and 

700 km, it is concluded that the measu red  ion densi t ies  a r e  low by 

approximately 5070 and that the major i ty  of th i s  e r r o r  i s  due to  a n  

inaccurate  geometrical  determination of the gr id  t r ansmiss ion  

coefficient. 

geometr ical  values of (Y 

would r e su l t  in the calculated ion densit ies being low by approximately 

the amount they a r e  inaccurate  in F igure  17. 

Examples f r o m  l i t e r a tu re  in the field ver i f ied that 

can be 1570 higher than t r u e  values and this  1 

The combined e lec t r ica l  t ransparency  of four charged 

para l le l  gr ids  to posit ive ions i s  not equal t o  the  optical t r a n s -  

parency.  

s imply rais ing the optical t ransparency  to  a power equal to  the  

number of grids,  and the e lec t r ica l  t r anspa rency  of negatively- 

charged gr ids  to posit ive ions i s  l e s s  than the optical  t ransparency .  

Above 700 km,vehicle  velocity was no longer much g rea t e r  

The total  t r ansmiss ion  factor cannot be determined by 

than the mos t  probable ion velocity and the angle of a t tack was 

becoming la rger .  

and the ion sheath s o  that the ion cu r ren t s  w e r e  too  l a r g e  and yielded 

high densi t ies .  

This  combined with the a t t rac t ing  e lec t r ic  f ie ld  

Both the ion t r a j ec to ry  analysis  and the  f (@) function 

indicated that  an excess  c u r r e n t  (not accounted f o r  by the  theory)  
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was collected at  the higher altitudes because of the at t ract ing field. 

Considering this source  of e r r o r ,  the calculated densi t ies  would 

approximate the c o r r e c t  values. Thus,  i t  was concluded that it was 

the l a rge  negatike potential  of -1. 9 volts which caused considerable  

e r r o r  in the ion density profile above approximately 700  km. 

The  equations (5.1 - 5. 3, and 4.1) used in this  analysis  

a r e  valid for  a planar  collector mounted on an infinite plane, 

influence of the e lec t r ic  field w a s  significant at the higher alt i tudes 

where  the sheath thickness was beco-mfng l a rge ,  because th i s  condi- 

t ion was not even approximarely satnsfied. F o r  a t t ract ing potentials, 

the s ize  and shape of the probe becomes important  and an est imate  

of the influence of the plasma sheath Is requi red  t o  de te rmine  the 

currer, t  in an a t t rac t ive  field. The problem is ex t remely  complex 

since it involves a simultaneous soi&;on of P o i s s o n C s  equatior, and 

a calculation of the ion t ra jec+ories .  The problem i s  fur ther  com- 

plicated by the the rma l  velocity d,stribution of the ions. 

The 

Eon probes should be mounted flush t o  cor,dJcting plane 

sur faces  of l a rge  extent compared t o  the instrumer-t. 

guide, the probe dimensions shoi ld  be much l a r g e r  than the sheath 

thickness.  

probe due t o  the e lec t r ic  field. 

der ived by Whipple for  planar probes a r e  t o  yield accu ra t e  resu l t s .  

As a prac t ica l  

This will help to e l imira te  any focusing of ions on the 

This  i s  important if the equations 

It was found that the magnitude of the  cu r ren t  collected 

during descent  while the probe w a s  in the wake cannot be accounted 

f o r  by the  random t h e r m a i  veioc'ltie; ,-!f the ions. 

density prof i le  was obviously in erTor. 

be interpreted in  t e r m s  of present  probe theory  and a r e  re la ted  

Near  apogee, the 

These  two effects car-not 
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t o  the potential of the vehicle,  the ion sheath,  and the finite dimen- 

sions of the probe. 

0 The average  ion t empera tu re  of 3300 K, as determined f r o m  

0 
the probe character is t ics ,  was much higher than the value of 1730 

obtained from ion sca le  height calculations. 

have been typical of ion probe experiments  (Hanson and McKibbin, 

1961, and Hanson et  a l . ,  1964) and indicate that theoret ical  work 

needs to  be done before reasonably accu ra t e  t empera tu res  can be 

obtained with planar t raps .  

K 

High ion t empera tu res  

Because of contact potentials,  it i s  difficult to es t imate  

A the accuracy  of the calculated vehicle potential of -1.  9 volts.  

contact potential of at l ea s t  . 5 volts between ape r tu re  gr id  and 

probe surface is reasonable  in view of the known work functions of 

tungsten and aluminum. Then, the vehicle potential i s  es t imated 

to  be - 1 . 4  f . 5 volts. 

a r e  not known near ly  as accura te ly  as exper imenters  would l ike to  

believe, 

It mus t  be concluded that vehicle potentials 

If the contact potential difference between the  outer  gr id  

and the housirig was m o r e  than a few tenths  of a volt, it would cause  

ions to  be focused on the aper ture .  This  is  because the e lec t r ic  

field l ines (due t o  potential of the outer  gr id  being m o r e  negative 

than the surrounding aluminum housing) would tend t o  focus on 

the ape r tu re  grid. 

The  electr ic  field, due t o  a contact potential  difference,  

can cause  ions to be focused on the ape r tu re  and th i s  mechan i sm 

has  not been considered in e a r l i e r  experimental  work .  The  fac t  

that  this  mechanism was  neglected is a possible  r eason  why 
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r e s e a r c h e r s  have not been able t o  ver i fy  theoret ical ly  the impor t -  

ance of e lec t r ic  field focusing on ion collection. This  mechanism 

should be considered in analyzing ion cu r ren t s  collected in wakes 

and the high ion densi t ies  which a r e  usually obtained near  apogee 

for  instruments  flown on ver t ical  sounding rockets .  

The difficulties associated with contact potentials could 

be eliminated by using the same m e t a l  throughout the probe 

assembly ,  The outer housing, gr ids ,  and col lector  plate  should 

be made  f rom the s a m e  metal .  

5. 5 Suggestions for  Fu tu re  Research  

It i s  recommended that the gr id  t r ansmiss ion  coefficient 

be determined experimentally in  an  ion chamber  ra ther  than calcu- 

lated f r o m  the geometry of the gr id  assembly.  

The cu r ren t  variations observed throughout the t e l eme t ry  

data  w e r e  v e r y  undesirable  and every  effort should be  made  t o  

eliminate them. 

possible f r o m  any protruding objects,  

mounting equipment on the payload i s  ra ther  l imited,  this  m a y  not 

be so  easi ly  accomplished. 

The probe mounting should be a s  far removed a s  

Since the a r e a  available for  

Consistent with resul ts  presented  by S a m i r  and Wil lmore,  

re la t ively l a rge  cu r ren t s  were observed while the  probe was  in the 

wake of the payload. 

high and the prof i le  turned back on i tself;  a s imi l a r  profile was  

descr ibed  by Anderson et al. (1965). These  aspec ts  of the data can- 

not be reconciled with present  theory  arid t h e r e  i s  need of additional 

theore t ica l  work,  A thorough theoret ical  ana lys i s ,  giving ca re fu l  

consideration to  the interaction of charged par t ic les  with the ion 

Near  apogee, the calculated densi t ies  w e r e  
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sheath shielding a charged vehicle,  i s  badly needed. Such an 

analysis  should demonstrate  how local  par t ic le  densi t ies  and velocity 

distributions a r e  dis turbed by the presence  of the probe. 

that  vehicle potential and velocity, and ion t empera tu re  would be 

important pa rame te r s  of the analysis .  

It i s  c l ea r  
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APPENDIX A 

A Computer P r o g r a m  t o  Solve for the  Differentiator Output 

A computer p r o g r a m  w a s  wri t ten t o  solve equation 2.19 so  

that the  output of the differentiator could be obtained. The computa- 

t ions w e r e  done on the  IBM 7074 digital  computer at the Computation 

Center  of the Pennsylvania State University. The  constants in the  

p r o g r a m  w e r e  determined f rom the considerations d iscussed  in 

section 2. 3, and some of the constants had t o  be  adjusted,depending 

upon the  values  of T and T for  a par t icu lar  p r o g r a m  run. The 1 2 
following p r o g r a m  was used t o  solve equation 2.19 for  T = . 02 sec and 

T~ = -0015 see:  

1 

COMPILE RUN FORTRAN 
READ 1, D, V,  W1, W2, T E M P  9 T1, T2, T4,  NUM 

1 FORMAT(8F10.2 /I4) 
DIMENSION AMPQ10019 
AREA-5.07E-4 
Q=1. 602E -19 
PI= 3.1416 
P=V*SQRTFQ PI) 
E-2. 718 
C=Q:kAREA.+V*o 2 5 
CG=1. /(l* /T2-1. /Tl)  
Cl--CG/(Tl*T2) 

R1==1. /SQRTF(Wl) 
RZ-ll. /SQRTF(W2) 
Yl=SQRTF( 2. *Q)*R1 
Y2=SQRTF(2. *Q)*R2 
B=l. 38E - 2  3 
A=SQRTF(2. *B*TEMP) 
Al=A*Rl 
A2=A*R2 
DO 100 K-1, 5 

2 z C G / T 2 t XC 2 

Z=K-l 
D 1 =(lo -Z /4 .  )*D 
D2-D -D1 
DO 3 E=2,!0nl 
Y=T-1 
M-1 t 39 9 9 
TIME= Y*T4 
VOLT=16.41*TIME 
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10 R=SQRTF(VOLT) 
1 3  Xl=(V-Yl:kR)/Al 

X2=(V-Y2:kR) /A2 
AMPl=C:kDl:k(Al /(p:kE:k:k(Xl:k:k2))tl. +2. *ERF(Xl:kl. 4142)) 
AMP2=C:kD2:::((A2/(P:kE::::k(X2:::2;:2))+1.+2. *ERF(X2:kl. 4142)) 

3 AMP(M)=AMPltAMP2 
D010OJ=l, 16 
W=J-  1 

VOLTS=16.41,::T 
L3=T /T4+4000. 

T=W:k. 01 

L2zL3-NUM 
44 SUM=. 0 
45 DO 90I=L2, L 3  

F=I-4000 
BIG=(T-F:kT4) /T2 
IF(B1G-7. ) 58, 53, 53 

53 IF(F) 54,54, 55 
54 G = ( l l .  78E-9):::Cl /E:k:::((T-F::::4)/Tl):::T4 

55 G=AMP(I):kCl /E:k:k((T-F:kT4)/Tl):::T4 
58 IF(F) 59, 59 ,60  
59 G = ( l l .  78E-9):::(Cl /E:k:k((T-F:::T4)/Tl)+C2/E:k:::((T-F:kT4)/T2)) 

*T4 

GO TO 90 

GO TO 90  
60 G=AMP(I):::(Cl /E:k:::((T-F:::T4)/T 1)+C2 /E:k:::((T-F:::TT)/T2)):kT4 
90 SUM=SUMtG 

PRINT 111, SUM,T,VOLTS 

FORMAT(lH0, lox, E2O.  4 ,  lox, F10 .4 ,  5X, F10 .4 )  

END 

100 CONTINUE 
111 
120 STOP 

Any symbols  not defined withint the  following list a r e  defined within 

the  p rogram:  

D = ion density 

V = rocket velocity 

W1 = mass of 0 ions 

W2 = mass of He ions 

+ 
t 

1 T 1  = T 

2 T2  = T 

T 4  = AT 

T E M P  = ion t e m p e r a t u r e  
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dx 1 -x / 2  
ERF(x)  = a subroutine which computes 

0 

(note that  this e r r o r  function is  different f r o m  
the one defined in equation 2 .  6) 

B = Boltzman's constant 

Q = ionic charge  

E = base  of the natural  logari thms 

NUM = a number dependent upon the  values of T~ and T 2 

AREA = collector a r e a  

. 
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APPENDIX B 

Optical Measurements  of Gr id  Transmiss ion  Coefficients 

It w a s  c ruc ia l  that  the assumption of a lower value of (Y be 

supported by labora tory  measu remen t s  i f  the  data was  t o  be  in te r -  

p re ted  correct ly .  However,  the n e c e s s a r y  ion chamber  equipment 

w a s  not available and the  next bes t  method seemed t o  be  optical  

measurements .  

A collimated light source  and a photosensit ive detector  w e r e  

used t o  make  the  measu remen t s .  

t he  gr ids  were  identical  t o  those  used on the flight instrument .  

following resu l t s  w e r e  obtained, where  8 is the angle between the  

light beam and the  perpendicular  t o  the  plane of t he  grids, and the 

subscr ip ts  on CY r e f e r  t o  the  number of gr ids :  

Ambient light was  eliminated and 

The  

e = 30' e = 45O 0 e = o  

a1 = . 8 5  cy1 = . 8 4  = . 8 4  

CY4 = . 4 8  CY4 = . 4 5  cy4 = 40 

By measur ing  the fract ion of the a r e a  obstructed by the 

wi re s ,  the  following theoret ical  values w e r e  obtained: 

gr id  no. 1 a1 = . 929 

gr id  no. 2 

g r id  no. 3 

CY1 = s 935 

CYl = D 935 

gr id  no. 4 

combination of 4 gr ids  
(product of the 4 CY ) 

al = . 936 

a4 = . 7 6  

1 

, 

The two se t s  of data  ve r i fy  that  m e a s u r e d  values  of a a r e  
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lower than theoret ical  values ( f r o m  geometr ical  considerations).  

The difference becomes quite large for a combination of four gr ids  

and approaches the value needed to  normal ize  the ion density profile 

t o  the Alouette o r  Mother-Daughter profile. 

It is not known how well t h e  light r a y s  approximate ions 

passing through charged gr ids  and th i s  should be kept in mind before 

reaching any conclusions. 

agreement  with the lower value of CY needed to  c o r r e c t  the ion density 

profile. 

But, t he  r e su l t s  a r e  favorable and in 


